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CHAPTER 1 
INTRODUCTION 
Since the mid-eighties, coalbed methane (CBM) has been considered an emerging 
unconventional source of natural gas, offering a clean source of energy. During this period, CBM 
production in the US steadily rose every year by an average of 76 billion cubic feet (BCF) and 
stabilized at 1.6 trillion cubic feet (CBF) in 2012 (EIA). During the same period, production 
reached an all-time high of 1.9 trillion cubic feet (TCF) in 2008, accounting for ~9.4% of all 
natural gas production in the US. As of 2011, the EIA reported the proven CBM reserves in the 
US to be approximately 17 TCF. Interest in CBM continues to grow in other countries, such as, 
Australia, Canada, China and India. Interest in CBM has also accelerated due to the US 
Environmental Protection Agency (EPA) identifying methane as a greenhouse gas, known to be 
significantly more damaging to the environment than carbon dioxide. This is significant given 
that, when methane is burned, the by-products are carbon dioxide and water.  
It is well accepted that coal is a heterogeneous rock, with its pore network broken down 
into two systems. These are the macropore system, made up of a naturally occurring network of 
fractures called “cleats”, and the micropore system within the coal matrix blocks in between the 
cleats (Moore, 2012). Most of the gas stored in coal is adsorbed gas in the micropores, making 
CBM an unconventional gas reservoir since the gas content in conventional reservoirs is stored 
as “free” gas. The amount of gas stored in coal depends on several properties and environmental 
conditions, including, coal rank, ash content, coal organic composition, coal seam temperature 
and initial reservoir pressure. Flow of gas begins in the coal matrix with desorption, making gas 
available for flow, as well as establishing a gas concentration gradient between the coal matrix 
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and cleat-matrix interface. This gradient results in diffusion of gas from within the matrix to the 
cleat system typically termed the first transport phenomenon and described by Fick’s Law 
(Moore, 2012). Once the gas reaches the cleat system, flow becomes viscous and is controlled by 
the permeability, which is driven by a pressure gradient. 
In conventional reservoirs, the porosity of coal provides information about the storage 
capacity. The fundamental property that makes coal unique is its dual porosity structure, making 
the gas transport a two-stage process, controlled by two parameters, diffusion coefficient and 
permeability. The production of gas is typically believed to be permeability controlled, or cleat 
porosity controlled, since the cleat characteristics determine the permeability of coal. Diffusion 
in coal is not believed to be the primary limiting factor because of the small cleat spacing; the 
gas does not have very far to travel in any direction to reach a cleat. The cleats are further 
divided into total cleat porosity and effective cleat porosity. The total cleat porosity is a measure 
of the total cleat volume, representing all of the cleat volume although not all of it may be 
contributing to methane transport. Hence, the additional parameter, effective cleat porosity, is 
introduced. The effective cleat porosity is the volume of fractures/cleats that is interconnected 
and provides pathways for flow of water and gas.  
The effective cleat porosity of coal is particularly difficult to measure in the laboratory. 
One of the classical techniques for estimating the porosity is mercury impregnation (Moore, 
2012), where mercury is injected into a coal sample and is believed to travel through the entire 
cleat system. However, after its application to coal for a few years, it was learned that the 
mercury was unable to flow through the smaller fractures. The volume of mercury, therefore, did 
not provide a measure of the effective cleat porosity. In addition, there was a lack of repeatability 
when using this technique for coal. This led to the current techniques that are practiced to 
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estimate the porosity. The first technique uses injection of helium because of its ability of 
entering the cleats and matrix (micropores). This technique gives the absolute porosity since 
helium is able to penetrate the micropores as well. The second technique also estimates the 
absolute porosity by using small angle scatter techniques (Small Angle X-ray Scattering or Small 
Angle Neutron Scattering) (Moore, 2012). SAXS and SANS work on the principle of scattering 
neutrons/X-rays at small scattering angles (.1-10°) to investigate the structure (porosity) of coal 
(Radlinski et al., 2004).  All of the above techniques lack one key capability, that is, the ability to 
determine the in situ cleat porosity. The in situ effective cleat porosity is a critical parameter 
when determining the gas flow behavior in coal. This is defined as the porosity that actually 
contributes to flow in the cleat network in situ. It is typically measured in the laboratory by 
subjecting a coal sample to replicated in situ conditions at depth, that is, vertical and horizontal 
stresses. 
This paper is aimed at developing a technique to evaluate the effectiveness of using 
digital imaging to estimate the effective cleat porosity, along with exploring the possibility of 
replicating in situ conditions while imaging is taking place. A general background for flow 
behavior of coal, followed by the various imaging techniques available, is included.  
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CHAPTER 2 
BACKGROUND 
2.1 PHYSICAL STRUCTURE OF COAL 
The property of coal that makes its physical structure unique is its dual-porosity, 
consisting of micro-pores and macro-pores. Micro-pores, which are less than two nm in 
diameter, refer to the pores/voids that make up the coal matrix, where gas is stored in an 
adsorbed state. These micro-pores in the coal matrix account for more than 95% of the gas in 
adsorbed phase (Gray, 1987). A contributing factor to the gas storage is that the pores are so 
plentiful that just one cm3 of coal can contain pores with an internal surface area of three m2 
(Moore, 2012). The macro-pores, which are larger than 50 nm in diameter, make up the naturally 
occurring network of fractures called the cleat system, which provide the primary passageways 
for gas and water in coal. There are two types of cleats in coal: face cleats and butt cleats (King, 
1985). Face and butt cleats are commonly mutually orthogonal, or nearly orthogonal, and are 
perpendicular, or nearly perpendicular, to the bedding plane surfaces (Liu, 2012). Face cleats, 
however, are continuous, whereas the butt cleats are discontinuous, beginning and ending at face 
cleats. The spacing of cleats is typically dependent on three parameters: coal rank, composition, 
and bed thickness.  In addition to the cleat network, there is a third set of fractures, the bedding 
planes. However, they do not have a significant role in fluid flow due to the overburden weight, 
and are of little interest as far as flow in coalbed methane (CBM) reservoirs is concerned 
(Harpalani, et al., 1995). The overburden weight causes the bedding planes to seal, thus not 
allowing fluid transport through them. The dual porosity system of typical coals is shown in 
Figure 2.1.  
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The network of connected cleats is referred to as the effective cleat porosity, given as a 
fraction of the effective cleat volume over the bulk volume. The effective cleat porosity accounts 
for only the cleats that contribute to the flow of fluids since some cleats do not contribute to 
transport of fluids. The cleats that do not contribute to flow are considered dead end cleats, as 
they are not connected to the larger cleat network. The total cleat porosity represents the total 
cleat volume as a fraction of the bulk volume.   
 
Figure 2.1: Physical structure of coal (plan view). (Liu, 2012) 
2.2 GAS STORAGE IN COALBED RESERVOIRS  
Methane is stored in coal in three forms: (1) adsorbed molecules on the organic surfaces, 
(2) free gas within the pores and cleats, and (3) dissolved in water within the reservoir 
(Rightmire, et al., 1984). As previously stated, the micro-pores account for more than 95% of 
methane stored in coal because of the large surface area available for adsorption. The remaining 
methane is stored as free gas or dissolved in water in the macro-pores. Most of the gas stored in 
coal is methane although there are traces of carbon dioxide, nitrogen, and several other gases. 
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This is an important issue since CO2 has a significantly stronger sorptive affinity for coal than 
methane, resulting in its release during later years of gas production.  
2.3 GAS TRANSPORT IN COALBED RESERVOIRS  
Gas transport in coal seams is commonly understood as three hydrodynamic mechanisms, 
taking coal’s dual porosity structure into account (King, 1985): (1) desorption of gas from the 
internal coal surface, (2) diffusion through the coal matrix, bounded by the cleat, following the 
Fick’s law (King, et al., 1986), and (3) laminar flow in the cleat network, following the Darcy’s 
law. The three stages of gas transport process are shown in Figure 2.2. 
 
Figure 2.2: Gas transportation process in dual porosity coal seams. (Liu, 2012) 
The first step in the gas transport process is desorption. Desorption is the process by 
which the methane molecules detach from the micro-pore surface in the coal matrix. The process 
of desorption is described by the Langmuir isotherm, giving the relationship between adsorbed 
gas concentration in the coal matrix and free gas pressure in the cleat system (Liu, 2012). The 
desorbing gas increases the concentration of methane in the coal matrix. Following desorption, 
the process of diffusion is initiated, where the flow is controlled by the concentration gradient, 
established as a result of desorption in the matrix and release of methane from the matrix-cleat 
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interface. The transport of gas is by diffusion where the gas molecules move in a random manner 
from higher concentration to lower concentration. Once the gas has diffused from the matrix, it 
enters the cleat network, where flow is controlled by the permeability of coal, driven by the 
pressure gradient.  
Once the fluid reaches the cleat network, it proceeds to flow towards the well. The 
permeability of coal determines the ease with which gas can move in the cleat system. The 
naturally occurring cleats in coal are the single most important physical attribute controlling the 
gas flow in a CBM reservoir (Moore, 2012). The parameters that make cleats important are 
spacing, aperture, and connectivity. First, cleat spacing is a key parameter affecting the diffusion 
process. If the cleats are spaced too far apart, the distance that the gas must diffuse through is 
longer and, consequently, the diffusion process takes longer. Second, the aperture of the cleats is 
important since this controls the rate of flow. This is particularly true for deeper coals where the 
coal is subjected to high overburden and lateral stresses, thus compressing the coal and 
decreasing the cleat aperture and permeability. The thrust of the work in this paper is looking at 
the physical characteristics of coal that control flow in coal. Hence, how the gas actually flows is 
not discussed in depth. The last parameter is the connectivity of the cleats. If the effective cleat 
porosity is low, the flow paths are limited and, in turn, affect the permeability adversely. The 
effective cleat porosity and permeability are related by the cubic law, permeability being a 
function of cube of the cleat porosity (Seidle and Huitt, 1995).    
2.4 LITERATURE REVIEW  
Application of digital imaging to study the physical structure of coal has a rather short 
history, beginning with Puri’s work in 1991. His effort focused on using the unsteady-state 
method to develop the relative permeability relationship for coal using a whole core. In an 
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unsteady-state method one phase is injected at a constant flow ate or at a constant pressure drop. 
Puri used imaging during this process to gain information about the cleat porosity of coal, a key 
parameter when establishing the relative permeability curves. Relative permeability is the 
effective permeability stated as a fraction of absolute permeability. The absolute permeability of 
a porous rock is the permeability to a single-phase fluid flow where the flow path is completely 
filled with the fluid. When two phases are flowing simultaneously, effective permeability comes 
in to play, which is the permeability of each phase relative to the other. Relative permeability is 
important when estimating gas production from a CBM well since the water saturation changes 
with continued production.  Prior to commencement of methane extraction, the cleat system is 
completely saturated with water. Hence, with initiation of dewatering, single-phase flow is 
initiated. With continued pumping, methane begins to diffuse out of the matrix into the cleat 
system, forming gas bubbles in water although the flow is still single phase. With continued 
dewatering, these bubbles join and start to move towards the producing well, thus initiating two-
phase flow. The concentration of water in the cleats decreases continuously while that of gas 
increases. The cleat volume is, therefore, a critical parameter in CBM production.  
Puri used digital imaging at different stages during his study. First, the coal sample was 
placed in a Hassler type core-holder with a confining pressure of 1,080 psi. The inlet pressure 
was maintained at 374 psi while a backpressure regulator was used to maintain an outlet pressure 
of 297 psi at all times (Puri, 1991). A Hassler core holder is a core holder that has provision for 
application of radial pressure to the core in order to approximate the mechanical conditions in 
situ. The first image was taken using a linear X-ray device to scan a 100% water saturated 
sample. This provided the control image. For the second image, Puri used a contrast agent 
(sodium iodide) to improve the clarity of the cleats when X-rayed while the sample was still fully 
9 
 
 
saturated with water. In order to determine the cleat volume of the sample, Puri used various 
mathematical equations and relationships along with the results of the relative permeability 
testing to estimate the cleat volume.   
Gash (1991) also used digital imaging in a study almost identical to Puri, with one major 
difference.  Gash believed that Puri had made a critical error in his procedure by using sodium 
iodide as the contrasting agent since adsorption of sodium iodide on coal surface may have led to 
erroneously high measurements of cleat porosity. Hence, Gash used lithium chloride as the 
contrast agent because totally disassociated salts with small ions are not highly adsorbed on 
carbon surfaces (Gash, 1991).  
As in Puri’s study, Gash also used a Hassler holder with similar stress conditions as used 
by Puri. One deviation from Puri’s study was that the X-ray instrument used did not scan the 
entire diameter of the core. Instead, Gash scanned a one-inch wide band along the core length. 
Gash then looked at this one-inch band to see what was occurring in this section, he was not 
making comparisons with other samples. Gash used lithium chloride injection and X-ray imaging 
to determine the cleat porosity of a fully saturated sample.    
In 1993, Pyrak-Nolte took an in-depth look at the effective cleat porosity and proposed a 
different and perhaps more accurate technique for estimating it. The method involved injecting 
Wood’s metal into the sample. Wood’s metal is a bismuth-base metal with a low melting point 
and high surface tension (Pyrak-Nolte, et al., 1993). Pyrak-Nolte selected Woods’s metal for two 
reasons. First, Dullien in 1969, had used it previously to examine the pore structure of sandstones 
and granites. Second, it creates a permanent cast of the void space in the core. After creating the 
permanent cast, the sample is imaged using CT scanning to determine the location and volume of 
Wood’s metal, which provides an estimate of the effective cleat porosity.  
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Pyrak-Nolte took a similar approach as Gash and Puri with a few differences. First, a pre-
injection scan was completed, which was used as a control when comparing with images 
obtained later. Second, the sample was placed in a hydrostatic pressure vessel, where it was 
loaded to the desired pressure (Pyrak-Nolte, et al., 1993), equal in all directions. Second, the 
Wood’s metal was heated to 95-100°C to convert it to a liquid state for injection. It was then 
injected using a pressure generator. During injection, the system was kept at the heating 
temperature to ensure that the Wood’s metal stayed in liquid form. After the injection was 
completed, the sample was cooled to allow the Wood’s metal to solidify and create a permanent 
cast, the volume of Wood’s metal at this time is known because the amount injected was 
recorded. Once cooling was completed, the sample was scanned, the purpose of scanning was 
not to determine the volume of Wood’s metal but to see where all it went in the sample. The 
improvement in cleat clarity due to the injection was substantial, as the cleat network was clearly 
visible. Although the cleat network was visualized, it did not provide a measure of the true 
effective cleat porosity since there was no way of telling if Wood's metal was able to enter 
everywhere that water would. In addition, the lack of repeatability was an issue. Once the 
Wood’s metal cooled and solidified, it altered the physical characteristics of coal permanently 
and no further testing to verify the results of that specific sample was possible. 
Subsequent to Pyrak-Nolte’s study in 1993, Mazumder et al. (2006) used CT scanning in 
a different manner. He used different scanners for different measurements, focusing on using CT 
scanning to determine the cleat spacing, orientation and aperture since these are important flow 
parameters required as input in CBM modeling.  He used a high-resolution CT scanner for the 
cleat orientation and spacing. A high-resolution scanner is made specifically for rocks and uses 
much higher power levels than a medical scanner, thus giving clearer images. After the imaging 
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was completed, the images were processed. The purpose of processing the images was to 
suppress details that were not a part of the desired information. After completing, the processing, 
binary images were created featuring cleats, mineral matter, and matrix (Mazumder, et al., 2006). 
(A binary image is a black and white image where white would represent the cleats and black 
would represent the coal surface.) To determine the desired parameters using the processed 
images, a computer program was used to find the cleat spacing in a particular direction, that is, 
face, butt, or bedding planes. The orientation/direction of the cleats was determined by choosing 
a cleat direction. Once the initial direction was chosen, a grid of parallel lines was added to the 
image with an orientation perpendicular to the cleat direction (Mazumder, et al., 2006). The 
program was then able to measure the spacing between parallel cleats known as cleat spacing.  
The second scanner was a medical one, which had been adapted to scan cores, used for 
cleat aperture measurements. A medical scanner can be adapted to scan rocks by reconfiguring 
the scanner’s dosage restrictions. A normal medical scanner is set up to use the lowest amount of 
radiation possible. However, since the ill effects of high dosage is not an issue with rocks, any 
amount of radiation can be used. The images from an adapted medical scanner are good but 
subpar to a high-resolution scanner. The reason that a second scanner was used is that the first 
scanner was designed to deliver results (images) in different methods. After completing the 
imaging, the results were analyzed. The process used to determine the cleat aperture was 
different from that used for cleat orientation and spacing. First, the program used to perform the 
analysis was a numerical computing program. A numerical computing program is one that uses 
algorithms, a systematic procedure for calculations to determine the desired parameters.  Using 
this, Mazumder developed a method based on a Gaussian Point Spread Function (PSF) to 
determine cleat aperture from the CT scans (Mazumder, et al., 2006). A Gaussian Point Spread 
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Function describes the response of an image to a point object or point source, this can then be 
used to measure the quality of the image or identify the desired features of an image. In this 
study, the PSF was adapted to calculate the CT number vs. pixels, where CT number is a 
description of radio density and pixels of the size of the image. The advantage of using the PSF 
comes with the CT number for a cleat having a lower CT number than for solid coal. After the 
PSF was applied to the image, the generated plot showed where the cleats were present. Using 
this, the aperture of the cleat was determined.  
The techniques used by Mazumder were effective but still contained some error. 
Mazumder commented in his conclusion that the results using this method will contain some 
error, although using approximations can reduce the extent of the error (Mazumder, et al., 2006). 
Meaning that measurements of pixel fractions are not physical domains, thus cannot be exact.  
Mathews (2011) further used high-resolution scanning to observe the changes in coal 
properties due to thermal drying. Mathews was interested in this because, when coal is thermally 
dried, it loses its water/moisture and cleats “grow”. This is relevant since, prior to methane 
extraction from coal, it is dewatered, possibly changing the cleats and the cleat network 
(Mathews, et al., 2011).  During the study, the samples were imaged before thermal drying. Once 
thermal drying started, the coal was imaged three times to see the evolution of the cleats 
associated with dewatering. The results showed that, as the coal was drying, fractures extended 
and became larger in aperture due to shrinkage of solid coal. Mathews was interested in thermal 
drying of the coal because the main thrust of the paper was to see how thermal drying affected 
coal as it relates to coal combustion, it is thought that a dry coal would reduce water use and 
carbon dioxide emissions.  Mathews later commented that the X-ray CT approach would reveal 
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details in a non-destructive method and aid in predicting and analyzing numerous other 
parameters of coal (Mathews, et al., 2011).  
Most recently, Cai (2014) used a variety of techniques, one being CT scanning, to see 
how cyclic loading influences the permeability and, consequently, degassing. The focus of the 
study was to evaluate the possibility of CO2 sequestration in coal. Imaging for this study was 
carried out at four different stages, before and after each cyclic loading. Between these imaging 
stages, the samples were loaded in a triaxial cell, with a peak confining pressure of 70 MPa, and 
an axial load was applied by a mechanical press with a maximum force on average of 644 MPa. 
Once the loading was completed, the sample was de-stressed and imaged again to see the impact 
of loading.  
After imaging was completed, the images were processed using a commercial software. 
The goals of the image processing were to see the evolution of cleats due to loading and 
quantifying the cleat characteristics. The growth of cleats grew with more loading gave insight 
into the changes in permeability due to loading and quantifying the cleat network allowed for 
calculation of cleat aperture. Unlike Mazumder, Cai used the software directly to calculate the 
aperture widths and lengths thus making it possible to determine a flow path through the cleats. 
This was done by isolating the fractures in the images and then the software that was used had 
the ability to measure the widths and lengths of the isolated fractures.   
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CHAPTER 3 
IMAGING TECHNIQUES 
There are five major imaging techniques currently available to enable seeing “inside” 
objects. These are the X-ray, computed tomography scan (CT scan), nuclear magnetic resonance 
(NMR), magnetic resonance imaging (MRI) and ultrasound. For the purpose of this paper, all but 
ultrasound were evaluated. The ultrasound was eliminated due to the low resolution of the 
technique. The remaining techniques were examined in-depth to determine which one would 
give the best results for coal. 
3.1 X-RAY 
An X-ray machine operates along the same principles as that of a camera. The first part is 
the X-ray wave itself, which is an electromagnetic wave. An electromagnetic wave is simply a 
light wave that has a higher frequency. Having a higher frequency allows the wave is able to pass 
through materials. The X-ray wave is generated in two steps. The first is the cathode filament 
that produces an electron beam. Once the beam is created, it is shot towards the rotating tungsten 
anode. When the electron beam reflects off the anode, an X-ray beam is created displayed in 
Figure 3.1. Once the waves pass through the desired material, they hit a sheet of film. The image 
that is created is dependent on the intensity of the wave when it reaches the film. If the material 
has air, or is not dense, then the result is white in color on the film. In comparison, if the material 
is denser, the image is grey or black in color.  
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Figure 3.1: X-ray Tube and Produced X-ray (Spiller, 2000) 
3.2 CT-SCAN 
CT-scan is short for computed tomography scan. “Tomography is a technique for 
digitally cutting a specimen open using X-rays to reveal its interior details” (Ketcham & Carlson, 
2001). “The fundamental principle behind computed tomography is to acquire multiple views of 
an object over a range of angular orientations” (Ketcham & Carlson, 2001). When the specimen 
is digitally cut, it creates “slices” of certain thickness, which can be reconstructed since each 
slice has a unit of volume.  Figure 3.2 shows the third-generation technique, where the sample 
remains stationary while the scanner and detectors rotate clockwise. During this rotation, X-ray 
beams are generated and shot towards the detectors. The image is then created by measuring the 
resultant decrease in intensity. 
 When working with materials there is no limitation on the usage of X
be "hurt" or destroyed by them. Based on this, Ketcham and Carlson (2001) discuss four 
optimizations that increase the capability of CT scans: (1)
are more effective at penetrating d
increased resolution at a cost in the output of the X
ray detectors, which also increases resolution at a cost in detection efficiency; (4) Use of longer 
exposure times, increasing the signal
diminished output and efficiency of the source and detectors. The process of using the 
optimizations is called High-resolution X
a few microns. 
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Figure 3.2: Third-Generation CT Scan 
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3.3 MRI 
Magnetic resonance imaging (MRI) is an imaging technique that uses magnetic 
resonance technology to reveal internal details. An MRI is a four-step process to generate an 
image. First, a magnetic field is generated to align hydrogen protons in a sample. Second, radio 
frequency waves are pulsed and absorbed by the aligned protons, which then emit a signal. 
Third, a radio frequency coil picks up the emitted signal and transmits it to the computer. Finally, 
the computer processes the data and an image is generated. The MRI process is time-consuming 
compared to a CT-scan. In addition to the longer scanning times, an MRI has a significantly 
lower resolution compared to a CT-scan. 
3.4 NMR 
Nuclear magnetic resonance imaging (NMR) is based on the same principle as MRI, with 
a few key differences. First, NMR does not produce an image like the MRI or CT-scan do. 
Instead, NMR has the ability to determine the physical and chemical properties, including the 
composition of a sample. For example, NMR is able to determine the porosity of a sample. The 
testing can be done quickly in the field, which the other techniques are unable to offer. It does 
take intensive training in order to interpret the results, which limits the application of this 
technique. For the purpose of this paper, NMR was not considered any further due to the lack of 
the technique providing an image.  
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3.5 COMPARISON OF VARIOUS TECHNIQUES 
Table 3.1 presents the pros and cons of each technique described above. 
Table 3.1: Comparison of Techniques 
 Pros Cons 
X-ray • Fast scanning times 
• Non-destructive  
• Limited to 2D 
• Radiation  
CT-Scan: 
     regular 
     micro-CT 
(for rocks/core) 
• Fast scanning times 
• 3D image reconstruction 
• High resolution (1-5 µm) 
• Non-destructive  
• Highly developed 
• Contrasting agents (dopants) 
• Increases cleat definition 
• Radiation  
• Orientation limitation 
MRI • Non-destructive 
• No radiation 
• 3D image reconstruction 
• Contrasting agents (dopants) 
• Can measure fluid flow 
• Long scan times 
• Low resolution (100s 
µm) 
NMR • Non-destructive 
• Ability to determine physical and chemical 
properties, including composition 
• Also able to determine flow properties  
• Testing can be done in field 
• Does not give images 
• Very complex 
technique 
• Requires intensive 
training to interpret 
results  
 
3.6 CONCLUSION 
Looking at the pros and cons of each imaging technique, it was decided that High-
Resolution CT-scanning is the best option for coal characterization since the thrust of the work 
was obtaining physical characteristics of coal. It is a highly developed technique and has the best 
resolution available when compared with other techniques. 
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CHAPTER 4 
EXPERIMENTAL WORK 
The experimental work consisted of three tasks: preparation of samples; analysis of the 
images secured; and finally, establish a technique to repeat the exercise replicating the in situ 
conditions.  
Preparation of samples consisted of procuring coal from gas bearing formations/basins, 
preparing cylindrical/cubic samples and impregnating them with contrasting agents to improve 
the fracture clarity. As a first step, coal for this study was collected from the Illinois basin in 
Illinois and San Juan basin in New Mexico. For the Illinois basin coal, a coring machine was 
used to prepare cylindrical samples. After coring, the samples were cut using a circular saw to 
obtain flat ends. The samples were two inches in diameter and approximately three inches in 
length. A sample core is shown in Figures 4.1 and 4.2. 
 
Figure 4.1: Illinois Basin Cylindrical Sample (plan view) 
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Figure 4.2: Illinois Basin Cylindrical Sample (front view) 
 For San Juan coal, cubic samples were used. Cubic samples were chosen in this instance 
because of the number of fractures in the sample, raising a concern that the coal might break 
during coring. Using the coal block available, two-inch cubic samples were prepared using a 
circular saw. Examples of two sides of the sample are shown in Figures 4.3 and 4.4. The cubes 
were not perfect but this was not a concern.  
 
Figure 4.3: San Juan Basin Cube (plan view) 
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Figure 4.4: San Juan Basin Cube (front view) 
Once the samples were prepared, the first step was injection of the contrasting agents. 
The contrasting agents chosen were sodium bromide (NaBr), iodine (I) and sodium chloride 
(NaCl). Iodine was chosen because it was used in one of the previous studies (Puri et al., 1991). 
NaCl and NaBr were recommended by the imaging facility as alternatives. A control sample was 
used as a baseline for comparison of the images with different contrasting agents. For NaBr and 
NaCl, the solution used contained 5% dopant and 95% water. This ratio was selected based on a 
recommendation made by the imaging facility. For iodine, 5% was first dissolved in 95% 
ethanol, followed by mixing 5% of the solution in 95% water. Once the solutions were prepared, 
they were poured into a high-pressure vessel, completely submerging and saturating the sample. 
The sample was allowed to sit in the container for an hour prior to application of 100 psi of 
nitrogen pressure for twenty-four hours. This ensured penetration of the agent into the sample. 
Finally, the samples were removed, wrapped first in plastic and then aluminum foil, and shipped 
to the high-resolution CT imaging facility. Once the samples were removed from the high-
pressure vessel, they were in atmospheric pressure conditions and any leakage would have 
occurred then, once they were wrapped, there was no pressure difference and no further leakage 
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would occur. One test was also carried out at a local medical facility with the available medical 
scanner. The samples were sent at different times in different groups. Group 1 consisted of four 
cylindrical samples from the Illinois basin. Group 2 was a combination of four cylindrical 
samples from the Illinois basin and four cubic samples from the San Juan basin. Group 2 samples 
were taken to a local medical scanner. Group 3 consisted of three cubic samples from the San 
Juan basin and these were again sent to the CT imaging facility.  
After the first imaging trial of San Juan coal, it was determined that the samples were not 
fully saturated with the contrasting agent. To correct this, a simple setup was constructed.  First, 
the sample was held tightly in shrinkage tubing, made of special plastic that shrinks when hot air 
is blown over it. Water was then pumped through the bottom of the sample for three days to 
ensure that it was completely saturated. After this initial preparation, contrasting agents were 
added. 
The second task was processing and analysis of the acquired images. Image processing is 
the process of using filters and applying thresholds to the images in order to create binary 
images. Filters are used to focus/smoothen images in order to better define the fractures. 
Thresholds are algorithms that analyze the given image in order to create a color cutoff point 
since every color has a given value ranging from 0 (white) to 255 (black). The color cutoff point 
fundamentally determines the threshold where any color with a value greater than a certain value 
is black; otherwise, it is white, thus creating a binary image. In a binary image (black and white 
pixels), white represents the solid and black the fractures. Using the ratio of white pixels to black 
pixels, therefore, reveals the total cleat porosity. The effective cleat porosity can then be 
determined by looking at a 3D representation of the total porosity to display which fractures are 
continuous, eliminating the discontinuous and isolated cleats/fractures. 
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The last part of the study was to develop a means to replicate in situ conditions when 
using this technique. A triaxial cell is typically used to replicate these conditions by application 
of vertical/axial load, representative of the overburden load, and horizontal stresses, replicating 
the lateral stresses. The issue with using typical triaxial cells is that they are made of stainless 
steel, a material that interferes with the imaging process. Therefore, an alternative material would 
have to be used, which is strong enough to allow replication of the in situ conditions but allows 
imaging. The triaxial cell manufacturer recommended a material, known as ULTEM, as a 
possible alternative to stainless steel. They had some experience with the material and were 
reasonable sure that machining would not pose a problem. ULTEM is an amorphous, 
thermoplastic, polyetherimide material, meaning that it can be molded into various shapes at 
high temperatures and solidifies upon cooling and it is cheaper than other plastics with a lower 
impact strength and is available commercially. The mechanical properties of ULTEM are listed 
in Table 4.1. The material is believed to not interfere with the imaging process without any 
significant loss of image quality. To confirm this, a sample of ULTEM was sent to the imaging 
facility along with Group 3 coal samples. 
Table 4.1: Mechanical and Thermal Properties of ULTEM (Hampshire) 
MECHANICAL PROPERTIES OF ULTEM 
Tensile Strength (psi) 16,500 
Tensile Modulus (psi) 475,000 
Tensile Elongation at Break (%) 80 
Flexural Strength (psi) 20,000 
Flexural Modulus (psi) 500,000 
Compressive Strength (psi) 22,000 
Compressive Modulus (psi) 480,000 
THERMAL PROPERTIES OF ULTEM 
Coefficient of Linear Thermal Expansion       
(x 10-5 in./in./oF) 
 
3.1 
Max Operating Temp (oF/oC) 340/171 
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CHAPTER 5 
EXPERIMENTAL RESULTS AND ANALYSIS 
As discussed in Chapter 4, the samples were injected with different contrasting agents or 
held as control. The samples were separated into three different groups. Group 1 consisted of 
four cylindrical samples from the Illinois basin. Group 2 was a mixture of samples from the 
Illinois and San Juan basin, four cylindrical samples from Illinois and four cubic from San Juan 
respectively. Finally Group 3 had three cubic samples from the San Juan basin. Once the 
imaging was completed and the images were received, they were processed and analyzed. The 
results of the analysis are discussed in this chapter.  
5.1 GROUP 1 
The results for each sample are discussed below. To remove any selection bias, a random 
number generator was used to decide which image would be displayed for the groups. The image 
number for each sample is 317, where the samples images are numbered from 0-1179 with 0 
being the top and 1179 being the bottom. This eliminated any selection bias and allowed for 
comparison from the same location for each sample.   
5.1.1 Control Sample  
The control sample was fully saturated with water prior to imaging. This was done to 
evaluate the improvement as a result of use of the contrasting agents. Figure 5.1 shows the image 
317 of the control sample, which was approximately 0.9 inches from one of the two ends of the 
sample.   
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Figure 5.1: Group 1: Control image number 317 
Looking at the control image, it is easy to tell that the fractures are fairly well defined and 
consistent. The one issue with the image is that, towards the top of the image, the water appears 
to have penetrated only partially into the fractures, thus limiting the effectiveness of image 
processing.  
5.1.2 NaCl 
The sample was fully saturated with the NaCl solution. Figure 5.2 shows the image 
number 317.  
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Figure 5.2: Group 1: NaCl number 317 
The image in Figure 5.2 appears to be of the same quality as that of the control image 
shown in Figure 5.1. The same issue with the contrasting agent not having fully penetrated the 
sample appears to be the case.  
5.1.3 NaBr 
The third sample of the group was fully saturated with the NaBr solution. Figure 5.3 
shows the resulting image.  
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Figure 5.3: Group 1: NaBr number 317 
Looking at Figure 5.3, the contrasting agent appears to have fully penetrated into the cleat 
system. The main difference between this and the images shown in Figures 5.1 and 5.2 is the 
introduction of an impurity, appearing to be of the same color as the contrasting agents in the 
cleats. This specific intrusion is believed to be pyrite. When looking at the physical sample at 
this specific location, a pyrite band was apparent. Another reason for suspecting pyrite to be an 
issue is that it has a higher attenuation coefficient than water. Hence, when imaged, the X-rays 
reflect more from the pyrite than water, thus inflating the cleat porosity measurement, given that 
the two pixel color values are close. Figure 5.4 shows the relationship between attenuation 
coefficient and the power level (keV), when X-raying water and pyrite.  
 Figure 5
As shown in Figure 5.4, regardless of
of pyrite is always higher than that of water
porosity during image processing
5.1.4 Iodine 
The last sample of the group was the 
Figure 5.5.  
 
.4: Attenuation vs. source energy for pyrite and water 
 the source energy level, the attenuation coefficient 
. This is problematic since it would inflate the cleat 
.  
sample injected with iodine solution
 
Figure 5.5: Group 1: Iodine number 317 
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Figure 5.5 has fairly well defined cleats, some being more prominent than others. This 
sample as a whole had a very high pyrite content thus making image processing ineffective for 
the sample.  
5.1.5 Group 1 Analysis  
During the effort to estimate the cleat porosity using image processing, a few 
characteristics are key. First, the image should be practically free of pyrite intrusions to ensure 
that the estimated cleat volume is not inflated. Second, it must be possible to define the cleats to 
coal surface boundaries. This requires a large sequence of images meeting the first two 
conditions in order to estimate the cleat volume.  
The first analysis was carried out for the sample impregnated with NaBr, with a sequence 
of 254 images (808-1061) at the bottom of the sample, accounting for approximately 0.84 inches 
of a three-inch sample. One inch would be approximately 393 images. Figures 5.6 shows the 
original image and Figure 5.7 shows the image after processing.  
 
Figure 5.6: NaBr number 808 original 
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Figure 5.7: NaBr number 808 processed 
Figure 5.6 was processed by first using a smoothing filter, followed by using a 
sharpening filter and, finally, adjusting the threshold using the Otsu method, which is an 
algorithm that determines the color cut off to create the binary image shown in Figure 5.7. The 
Otsu method was chosen because it is the most commonly used technique and was recommended 
by the instructor of a digital rock imaging course. The same process was used for all 254 images 
in the sequence, resulting in creation of the part of the core shown in Figure 5.8. Figure 5.9 
shows the original volume shown as a three-dimensional representation.  As a final step, the 
processed image was inverted by flipping black and white pixels, thus creating a three-
dimensional pore structure. This is shown in Figure 5.10.  
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Figure 5.8: NaBr processed 3D representation 
 
Figure 5.9: NaBr original 3D representation 
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Figure 5.10: NaBr 3D pore network representation 
After isolating the pore network, as shown in Figure 5.10, the cleat porosity was 
estimated. This was done by using the histogram of the pixels, showing the total number of white 
(0 value) and black pixels (255 value) and taking the ratio of the two. For the sample 
impregnated with NaBr, the cleat porosity was estimated to be 1.9%. In Figure 5.10, the main 
fractures are continuous through the sample with one exception in the cleat located in the upper 
half of the image. There are two segments that run parallel to each other through the cleat. This 
interruption in the cleat may be caused by a natural blockage in the cleat or, alternatively, the 
contrasting agent did not fully penetrate these locations.  
The same image processing was also used for the sample impregnated with NaCl. The 
three-dimensional pore network representation is shown in Figure 5.11. The pore network shown 
contains 95 images (317-411), which is approximately 0.23 inches in thickness. The estimated 
cleat porosity for this was 2.5%, slightly higher than that estimated for the NaBr sample. The 
difference is attributed in part to the increase of pyrite in this section compared to the NaBr 
sample.  
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It was not possible to repeat the process for the control and iodine samples since a 
sequence of images that met the set criteria could not be isolated. The samples were mostly 
washed out by pyrite, which would vastly increase the cleat porosity estimation.  
 
 
Figure 5.11: NaCl 3D pore network representation 
5.2 GROUP 2 
As previously stated, Group 2 consisted of eight samples, four from Illinois and four from 
San Juan basins. These samples were taken to a local medical CT-scanner for imaging. The 
medical scanner results gave inadequate spatial resolution, meaning that it was not possible to 
distinguish fractures from one another and, in some cases, from solids. This was due to the 
limitation of the scanner’s current settings. Since the scanner is used for medical purposes, it was 
set up to use the lowest amount of energy possible for the weight on the table. Since the coal was 
the only mass on the scanner, it was detecting a low weight and allowed for small doses of 
energy, appropriate for babies, thus hindering the application of this scanner for rock imaging.  
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5.3 GROUP 3 
The final group consisted of three samples from the San Juan basin and, as previously 
mentioned, the ULTEM material. The initial results of imaging were inconclusive. After further 
review of the samples and consulting with the imaging facility, the conclusion was drawn that 
the contrasting agents did not fully penetrate into the sample. Hence, the contrast between the 
cleats and solid coal was simply not apparent. This led to the previously mentioned re-saturation 
process. The sample was then sent back to the imaging facility and the results were still 
inconclusive. It is possible that the solutions were still not able to enter the coal in spite of the 
sample being saturated. More work is required in order to find a way to ensure that the 
contrasting agents fully penetrate the San Juan coal. One positive outcome of testing the group 
was the results for ULTEM testing. The goal was to estimate the loss of image quality and this 
was estimated to be ~10%. Hence, the material is suitable for building a triaxial cell to enable 
replicating in situ conditions while imaging by application of vertical and horizontal stresses.  
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CHAPTER 6 
SUMMARY AND RECOMMENDATIONS  
This chapter summarizes the findings of the work completed and includes 
recommendations for future work.  
6.1 Summary 
The following tasks were accomplished in this study: 
1. Using high resolution CT scanning, coal samples from the Illinois and San Juan basins were 
digitized in order to estimate the cleat porosity. 
2. An experimental approach was developed to use contrasting agents to increase cleat 
definition in coal. 
3. Image processing was applied to coal in order to estimate the cleat porosity of two samples. 
The results suggested approximate values of 1.9 and 2.5%.   
4. A three-dimensional pore network representation model was developed for Illinois coal. 
5. A suitable material, ULTEM, was identified for fabrication of a triaxial cell that would 
enable replicating in situ conditions while imaging. 
6.2 Recommendations for Future Work 
1. More work should be devoted to finding a technique that would ensure that contrast agents 
are able to fully penetrate the cleat network. 
2. A triaxial cell made of ULTEM that can be used while digitally imaging a sample should be 
fabricated and tested. The difference in porosity estimated for unconstrained and constrained 
coals can be significant and it is the constrained conditions that are of primary interest.  
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